The complexity of biochemical reaction networks usually arises from the cascade of reactions that control or are controlled by other reactions in the network. This enables signal relay between functional biological modules and generates intricate emerging processes. The same analogy is also applicable to silicon-based logic operations. Indeed, complex digital computational processes show similar levels of dependency on series of simple logic operations, from which sophisticated algorithms can be effectively produced.
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Chemical logic gates, on the other hand, are already able to perform quite complex tasks, [1] as exemplified by multiplexer/demultiplexer, [2] flip-flop logics, [3] subtracter/adder, [4] or keypad-lock [5] systems. Smart oligonucleotide-based constructs playing simple games such as Tic-Tac-Toe have been reported. [6] Physical cascading (concatenation and integration) of a series of simple logic gates with chemical or electronic communication in between has also been described. [7] Nevertheless, the de novo assembly of a practical and functional logic construct that relies on the conveyance of signals between each independent module, or between logic gates as a whole, has not been demonstrated thus far. Herein, we propose a cascade of two chemical logic gates that concatenates an acid-activatable photosensitizer and an activity-reporting moiety through a singlet-oxygen-mediated information relay.
To enable such an intentional and physical cascading with modular logic gates, photodynamic action and chemical probe moieties were considered. As the output of photodynamic action is singlet oxygen ( 1 O 2 ), we aimed at developing a reaction that senses this output and thus reports the activity of the first action. The working principles for the individual logic operations are shown in Scheme 1. The first logic gate includes an AND logic operation; 660 nm light and acid are applied as inputs, and the singlet oxygen produced on photosensitization is the output. Considering a likely practical potential, the slightly acidic microenvironment of a tumor tissue [8] was targeted with the use of an acid-responsive photosensitizer (PS), as the pK a of the micelle-embedded photosensitizer has to be optimal for its use in such an application. The excitation of the PS at the irradiation wavelength (660 nm) is more pronounced for its protonated form as a result of the blue shift in the absorption spectrum. This is our pH-activatable photosensitizer (Scheme 1).
The second logic gate can be considered either as an AND gate that uses 1 O 2 (the output of the first logic operation) and 520 nm light as an input, or as an INHIBIT gate with 1 O 2 and glutathione (GSH) as the inputs. Glutathione concentrations have been reported to be much higher in cancer cells than in normal cells. The design of the second logic gate is such that two energy-transfer modules are attached to one another using a 1 O 2 -reactive linker. The linker is (Z)-1,2-bis(alkylthio)ethane, which was reported to have very high reaction rates with 1 O 2 , and which is easily synthesized. [9] The reaction of this linker with 1 O 2 is shown in Scheme 2. Following the initial addition of 1 O 2 to the double bond, an unstable dioxethane is formed, and spontaneous decomposition of this intermediate produces S-alkyl methanethioate. In aqueous solutions and in the presence of amines, this compound has been reported to be easily hydrolyzed to the corresponding thiols. [9] Scheme 1. Working principles for the individual AND and INHIBIT logic gates. Following the cleavage of the linker, excitation of the donor results in bright emission, because the acceptor is not in the vicinity to act as an energy sink. Two energy-transfer modules and two molecular logic gate constructs are shown in Scheme 3.
The acidic nature of tumor tissue has been known for some time, but the pH difference between healthy and malignant regions is not very large. [10] The pH is usually above six and even close to neutrality for most tumors. Thus, the pHactivatable PS was selected accordingly, keeping possible biological applications in mind. With rational modifications, the pK a of the photosensitizer was chemically adjusted to slightly acidic values, so that the micellar (Cremophor-EL) photosensitizer (Gate 1, Scheme 3; see also the Supporting Information, Figure S1 ) has a pK a of 6.92 in aqueous solutions. Electronic absorption spectra of the gates and the energy-transfer modules in tetrahydrofuran (THF) are given in Figure 1 . The absorption maximum of the deprotonated form of the micellar photosensitizer (Gate 1) moves from 649 nm to 720 nm in aqueous solution ( Figure S2 ). Furthermore, the compound is essentially non-emissive in this form (Table 1 ; see also Figure S3 ).
The spectral shift in absorption and other possible deactivation processes that are active at alkaline and neutral pH facilitate the selective sensitization of the PS in acidic media. Figure 2 shows the singlet-oxygen-generation activity of the micelle-embedded Gate 1 in slightly acidic (pH ca. 6.0) and slightly basic (pH ca. 7.5) aqueous solutions, which was detected by the selective bleaching of 2,2'-anthracene-9,10-diylbis(methylene)dimalonic acid by the produced 1 O 2 . As expected, the results indicate that singlet oxygen is efficiently generated only under irradiation with 660 nm light in acidic media. Using the change in trap absorption in the presence of Gate 1, an AND logic is constructed (Figure 3) . The percentage decrease in trap absorption at 378 nm was determined as a measure of 1 O 2 -generation ability, and the threshold rate [c] The following reference compounds were used for quantum-yield calculations: For emission-band peaking at 537 nm, Rhodamine 6G (water, f F = 0.95, n = 1.333) was used, and for emission-band peaking at 670 nm, Cresyl Violet (MeOH, f F = 0.66, n = 1.329) was used. O 2 -generation efficiency of micellar Gate 1 (7.5 mm) in aqueous solutions in the presence (!) or absence (~) of acid, detected by the absorption decrease of the trap at 378 nm. The changes in the trap absorption in slightly basic (&) and acidic (*) solutions (pH = ca. 7.5 and 6.0, respectively) are also shown. During the first 15 min, the samples were kept in the dark, and for the following 50 min, the samples were irradiated with 660 nm light using an LED array.
was set at 1. Taking the values obtained by incubation for 15 min in the dark, or under irradiation with 660 nm light, in either slightly acidic or basic aqueous solutions, the AND logic shown in Figure 3 was obtained. The output levels clearly demonstrate that the photosensitizer is activated in acidic media with essentially no dark reaction.
The second part of the logic-gate cascade was developed using the 1 O 2 produced (the output of the first AND gate) and either 520 nm light or GSH as inputs. To analyze the cascade, two compounds (corresponding to Gates 1 and 2) were embedded together within a micelle in a mole ratio of approximately 1:1. The concentrations were estimated by comparison of the absorption values with the THF absorptivities. Micellar constructs of Gates 1 and 2 were prepared for the analysis of the second logic gate and D 2 O was used to enhance the lifetime of 1 O 2 . A comparison of the emission spectra of Gate 2 with that of the energy-transfer module shows that the emission of the excitation energy transfer (EET) of the donor part D at 537 nm is considerably quenched in Gate 2. This was further supported by a decrease in the quantum yield of the donor emission from 0.96 to 0.14 ( Figure 4 , Table 1 ). On the other hand, the EET acceptor module A cannot be excited at 520 nm to produce an emission at 670 nm, whereas Gate 2 shows intense emission at this wavelength upon excitation at 520 nm (Figure 4 b) . Both of these spectroscopic results indicate an efficient EET process between the modules with a calculated efficiency of 85.0 %. An efficiency of less than one unit in this process is probably due to poor spectral overlap between the donor and acceptor moieties. Excitation spectra also confirm that the acceptor emission is a result of the excitation of both donor and acceptor moieties ( Figure 5 ). In contrast, excitation spectra of the acceptor A do not display any peaks around 524 nm, when emission at 670 nm followed.
As the PS produces singlet oxygen only in the presence of acid, acidic conditions are interpreted as the presence of 1 O 2 at the second logic gate. Liberation of the EET donor upon the reaction of Gate 2 with 1 O 2 is expected. The samples kept in the dark do not display any change in the emission of the EET donor module of Gate 2 at 537 nm ( Figure S4 ). Likewise, under slightly basic conditions, no significant change in the emission is observed because 1 O 2 is not generated .
Angewandte
Communications efficiently under these conditions (Figures S5 and S6) . However, when acid is present to activate the PS, a more than twofold increase in the emission intensity of the donor at 537 nm indicates that it has been detached from the energy acceptor module; the increase in the emission seems to reach almost a constant value (Figure 7) . Nevertheless, the final quantum yield is smaller than the quantum yield of the free EET donor D, and the excitation spectra do not display a significant decrease for the donor part ( Figure S7) . By comparing the quantum yields of the free EET donor D and Gate 2 after light irradiation (660 nm) for 50 min, a cleavage of 18 % can be estimated. This is already enough to obtain an intense fluorescence output ( Figure 6 ). The quantum yield of the donor emission within the micellar construct increases from 0.14 to 0.29, and the increase in the emission almost seems to level out (Figure 7 ). This could indicate that the EET process is still effective to some extent, owing to Gate 2 molecules that had remained uncleaved thus far. This result may be due to a decrease in the amount of oxygen dissolved in the solution after a certain time, which leads to a decrease in the reaction rate. In actual biological media, the oxygen flow within blood and tissue is usually under homeostasis, and thus essentially constant.
The overall results for the fluorescence enhancement in the presence of acid or 660 nm light are given in Figure 7 . The singlet-oxygen-mediated fluorescence enhancement at 537 nm is apparently more pronounced in the presence of 1 O 2 , which is efficiently produced in the presence of 660 nm light in acidic aqueous media.
To make sure that the resultant increase is not solely due to irradiation, or to test the stability of Gate 2 under irradiation with the same experimental conditions, a micelle containing only this compound (Gate 2) was tested in aqueous solutions. The results show that the increase in the emission of the donor in the absence of the photosensitizer is essentially zero (Figure S8 ), which indicates that the main contributor to the enhancement at 537 nm is 1 O 2 . Considering all of the above results, the second AND logic was constructed. As an excitation at 520 nm is required for the second logic gate, the absence of light at this wavelength corresponds to a zero output (no excitation). The results are depicted in Figure 8 , with an assigned threshold value of 0.3.
Although light has been applied as an input in a number of logic-gate designs in the literature, this input may seem trivial, as the excitation is required anyway for any fluorescence process. Therefore, an alternative input was chosen for the second gate, namely glutathione. High levels of this molecule lead to resistance against photodynamic therapy (PDT) because of its properties as a singlet oxygen scavenger. [11] To suppress the PDT-deactivating property of GSH at high concentrations, researchers use chemicals to decrease the biological production of this molecule. [12] Herein, GSH was used as the input because of its role as a singlet oxygen scavenger. For efficient impact on the 1 O 2 produced, the GSH level should be low. The results of a fluorescence enhancement at 537 nm under different conditions are shown in Figure S9 .
The results in Figures S9 and 9 show that the presence of GSH interferes with fluorescence enhancement. This data may be interpreted as follows: GSH acts as a 1 O 2 scavenger and decreases the 1 O 2 level; thus, the rate of fluorescence enhancement is diminished. The lack of a quantitative decrease in the fluorescence enhancement may be due to limited diffusion of GSH to the interior of the micelle within the duration of experiment (50 min). However, an appropriate choice of threshold still allows the construction of an INHIBIT logic gate.
In conclusion, we were able to develop a modular cascade of independently functioning logic gates (Figure 10) , and a logical construct with a higher function was thus obtained. An AND logic gate was used to control the activity of a PS with acid and light (Gate 1). The output of this gate, which is 1 O 2 , was used by another logic gate, either another AND gate or an INHIBIT gate, depending on the choice of input. By means of this concatenation, the two gates were designed to communicate with each other, such that the activity of a pHactivatable PS was monitored by the increase in the emission of a fluorescent reporter within the same micellar structure. This result supports the idea that molecular logic gates are likely to find their first convincing application in a healthrelated niche. Further work along these lines is expected to produce such information-processing and smart therapeutic agents. Figure 9 . INHIBIT logic gate with the inputs 1 O 2 and GSH; the output is emission at 537 nm. Figure 10 . Two different logic-gate cascades. Two functional logic-gate modules are coerced to work together, yielding useful information about the rate of singlet oxygen production.
